D e n m a r k A nation-wide investigation of nitrate concentrations in groundwater in Denmark has been carried out. The investigation is based on analyses of groundwater samples from app. 11,000 wells and drinking water from 2,800 groundwaterworks spread equally all over the country, 43,000 km2. Furthermore the trends in nitrate concentrations have been investigated on the basis of time-series of nitrate concentrations for 184 waterworks.
A nation-wide investigation of nitrate concentrations in groundwater in Denmark has been carried out. The investigation is based on analyses of groundwater samples from app. 11,000 wells and drinking water from 2,800 groundwaterworks spread equally all over the country, 43,000 km2. Furthermore the trends in nitrate concentrations have been investigated on the basis of time-series of nitrate concentrations for 184 waterworks.
The investigation shows that:
-the overall mean level of nitrate concentrations in the groundwaters has trebled within the last 20-30 years,
-there are pronounced regional differences in the nitrate concentrations of the groundwaters and in the trends of the nitrate concentrations,
-in the western parts of the country the groundwaters are more seriously affected than in the eastern parts and rising trends are significantly more pronounced,
-36% of the investigated time-series of nitrate concentrations in drinking water from 184 groundwaterworks show a rising trend of 1 to 6 mg N 0 3 / l per year with a mean value of 3.3, and there is no sign of levelling off,
-drinking water from 8% of the waterworks exceed the EEC maximum admissible concentration for nitrate of 50 mg/l and 18% EEC guide level of 25 mgll. The causes of the general rising trends in the nitrate concentrations in the groundwaters and the regional differences of the trends are discussed. In particular, the impact of agricultural activities and the role of the geological conditions are considered.
Background
In most countries with intensive agricultural production, rising trends in the pollution of surface water by nitrogen and phosphorus and groundwater by nitrogen have been reported. This pollution manifests itself in two serious problems: increasing pollution of groundwater aquifers and other sources for drinking water by nitrate and eutrophication of surface water bodies.
The first problem, the pollution of groundwater aquifers by nitrate, is the subject of this paper. The paper reports some main results from a nation-wide investigation of the nitrate concentrations in groundwater in Denmark.
Pollution of groundwaters is a very serious problem for a number of reasons. First, groundwater is the main source of drinking water in many countries, in Denmark 99% of the drinking water is abstracted from groundwater. Second, pollution of groundwater aquifers is, in practice, often irreversible compared to mans lifetime. Finally, this pollution is very difficult to control owing to its diffuse origin.
General Trend in the Nitrate Concentration
The investigation is partly based on results of chemical analyses of groundwater samples from water supply wells. Data from these analyses are collected in a database at the Geological Survey of Denmark. At present chemical analyses of app. 17,000 groundwater samples are stored in the data-base, and app. 15,000 of these analyses contain values of nitrate concentration. These samples are equally spread over the country.
These data have been collected over the last 50 years. Most of the wells have only been analysed once. This means that it has not been possible to establish time series of nitrate concentrations for single wells.
In order to study the long term trend in nitrate concentrations in the groundwater different statistical analyses of the data have been carried out.
To avoid nitrate fluctuations due to small point sources of pollution at the surface and due to the seasonal fluctuations of the nitrate concentrations in shallow aquifers, only analyses of groundwater samples collected deeper than 10 m have been selected.
Approximately 11,000 of the analyses in the data-base are from samples collected deeper than 10 m. These 11,000 analyses, which represent an average sample-density of 1 per 4 km2, have been studied in two different ways in order to observe the long-term trend and the distribution of the nitrate concentrations in groundwater.
Based on the date the analyses have been grouped in 5-year intervals in the The number of analyses in each group varies from 296 to 2,759 with a mean value of 1,092. It is assumed that the relatively large number of analyses in each interval are randomly distributed geographically and consequently many different geological and hydrogeological conditions and different kinds of land use are represented in each group. Therefore it is assumed that the mean values of each time interval are comparable.
It appears that there is a significant rising trend in the mean values wthin the last 20-30 years without any sign of levelling off. From a mean level of app. 4 mg N03/1 in the 40's and the 50's the m'ean values have risen to about 13 mg N03/1. It is worth stressing that these mean concentrations represent overall mean conditions that reflect great local and regional variations in nitrate concentrations in the aquifers.
Regional Differences in the Trend
In order to study the statistical distribution as well as the trend in the nitrate concentrations in two regions of different hydrogeological conditions two detailed examinations have been made. The first examination was carried out on the basis of the total number of nitrate analyses (2,754) in the western parts of Denmark, West Jutland, an area of app. 12,000 km2. This corresponds to an average sample density of 1 per 4.4 km2. Contrary to the rest of Denmark this region was not glaciated during the last glaciation, the Weichselian glaciation. The region is characterised partly by diluvial outwash plains of sand and gravel and partly by very sandy moraine till formed during the Saale glaciation. The till is interbedded with diluvial sands. The groundwater aquifers are mainly phreatic and semi-confined.
The other examination was carried out on the basis of the total number of nitrate analyses (4,380) on Zealand and the islands just to the south -an area of app. 10,000 km2. This corresponds to an average sample density of 1 per 2.3 km2. The principal aquifers in these regions are Cretaceous and Tertiary limestone and diluvial beds of sand and gravel. These aquifers are confined and covered by boulder clay formed during the Weichselian glaciation. The results of the examinations are shown in Fig. 2 and Fig. 3 respectively. The examinations are based on grouping the nitrate concentrations in two "dimensions" i.e. magnitude and date of the analysis. The nitrate values are sorted in three time periods "before 1950", "1950-1970" and "after 1970" . In each of these time intervals the values are grouped in the 5 ranges 0-5, 5-25, 25-50, 50-100 and greater than 100 mg N03/1.
For comparison an equivalent examination has been made on the total number of nitrate analyses of groundwater samples collected deeper than 10 m. The result of this examination is shown in Fig. 4 .
The following conclusion can be drawn on the basis of these examinations:
-the statistical distribution of the nitrate concentrations in all the comparisons is extremely skewed. 58% to 91% of the values are found in the interval 0-5 mg N03/l.
-the skewness is most pronounced in the comparisons for the period "before 1950" and for the comparisons for Zealand and the neighbouring islands, i.e. the region with confined groundwater aquifers, -the comparisons for West Jutland show a significant trend in time towards higher nitrate concentrations. The relative proportions of nitrate values in the ranges 5-25, 25-50 and 50-100 have been doubled or trebled from the period "before 1950" to the period "after 19709', and the relative proportion of values in the range 0-5 mg N03/1 has been reduced from 83% to 58%, .-the comparison for the whole country also shows a rising trend but less significant than the comparison for West Jutland, .-a rising trend can also be recognized in the comparisons for Zealand but can hardly be regarded as significant.
Regional Distribution of Nitrate Concentrations
As a result of the current public inspection of waterworks and drinking water, data on nitrate concentration in drinking water are being collected. These data have formed the basis of a nation-wide investigation of the present state of nitrate concentrations in drinking water and an estimation of the trends in nitrate concentrations in selected waterworks. The investigation has been limited to nitrate data from all waterworks (2,800) with a delivery of at least 10,000 m3 of drinking water per year. That means 1 waterworks per 15 km2 in average. Hereby 99% of the total amount of drinking water delivered from waterworks in Denmark is accounted for.
Very small waterworks have been excluded because these very often abstract groundwater from shallow and small aquifers. These aquifers are very sensitive to local pollution sources and the nitrate content often shows a marked seasonal variation.
An important result of this investigation is shown in Fig. 5 , where the percentage of water works exceeding the maximum admissible limit for nitrate in drinking water (50 mgll) is indicated for each region.
For the country as a whole app. 8% of the investigated waterworks exceed the maximum admissible limit for nitrate in drinking water (50 mgll) either temporarily or permanently and 18% of them exceed the guide level of 25 mg N03/1. The mentioned standards are in accordance with the EEC Directive on the Quality of Water for Human Consumption, 1980. In accordance with the former mentioned results from the groundwater investigation, the highest nitrate content is found in Jutland. In 4 regions in Jutland 11% to 16% of the investigated waterworks exceed the maximum admissible limit and 28% to 36% the guide level.
In the eastern parts of the country i.e. The Islands, lower nitrate concentrations in the drinking water are found, app. 2-3% of the waterworks exceed the maximum admissible value. This is in good agreement with the results from the groundwater investigation, which showed that 3.4% of the groundwater samples exceed 50 mg N03/1 on Zealand. 
Local Trends in the Nitrate Concentrations
Time-series of nitrate concentrations in drinking water from 184 groundwaterworks have been analysed. The time-series cover periods from 5 to 43 years, typically 10 to 15 years. 66 or 36% of these series have a rising trend. 178 waterworks are located in the western parts of the country where the groundwater is abstracted primarily from phreatic aquifers of diluvial sands and gravels. 6 time-series are from Zealand, where the groundwater is abstracted from confined limestone aquifers of great extent. These series cover a periode of 43 years.
Time-series for periods more than 5 years and with more than 10 nitrate values have been analysed statistically by means of a linear trend analysis. 78 of the timeseries have been analysed in this way and of these, 34 corresponding to 47% have a significantly rising trend on a two-sided 5% level of significance (students t-test).
The magnitude of the trends is from 0.4 to 6 mg NOJI per year with a mean value of 3.3. mg N03/l per year.
5 of the 6 long-term series of 43 years from confined aquifers on Zealand show a weak but statistically significant trend during the last 20 years of a mean magnitude of 0.4 mg ~0~1 1 per year. In the period before the 60's no trend can be recognized, which is in good agreement with the results shown in Fig. 1 .
Concluding Remarks
The Danish groundwaters are seriously affected by nitrate pollution. The overall mean level of nitrate concentrations has trebled within the last 20-30 years (Fig.  1) .
There are great regional differences in the nitrate concentrations and in the trends of the concentrations. The groundwater is more seriously affected in regions with phreatic aquifers (Jutland) than in regions with confined aquifers (Zealand).
These regional differences can primarily be explained in terms of the different geological conditions.
The predominantly phreatic aquifers in West Jutland are very sensitive to nitrate percolation because very little clay is present to reduce the nitrate. This is in contrast to Zealand where all the aquifers are covered by boulder clay with a considerable reduction capacity.
The general and overall rising trend which has been documented by this investigation cannot be explained by the effect of point sources of pollution. The general rising trends in the nitrate pollution of the groundwater are caused by an areal leaching of nitrate from aqricultural areas, which cover 213 of the country.
And it is significant that the rising trends are limited to the last 20 to 30 years. In this period crop and animal production and the application of manure and fertilisers have increased significantly.
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